The paper reports comparative experimental and thermodynamic calculation of a Cu-In-Ni ternary system. An isothermal section of the Cu-In-Ni system at 300 ºC was extrapolated using optimized thermodynamic parameters for the constitutive binary systems from literature. Microstructural and phase composition analysis were carried out using scanning electron microscopy coupled with energy dispersive spectrometry (SEM-EDS) and X-ray powder diffraction (XRD) technique. Brinell hardness and electrical conductivity of a selected number of alloy samples with compositions along three vertical sections (Cu-In0.5Ni0.5, In-Cu0.8Ni0.2, and x(In) = 0.4) of the studied Cu-In-Ni system were experimentally determined. Based on the obtained experimental results and by using appropriate mathematical models values of hardness and electrical conductivity for the whole ternary system were predicted. A close agreement between calculations and experimental results was obtained both in case of thermodynamic, electrical conductivity and hardness predictions.
Introduction
Nickel and nickel-based alloys are widely used in different industries such as chemical, automotive, marine etc. for making vessels, pipes, heat exchangers, pumps, impellers, valves, and other type of equipment 1 . Furthermore, nickel with copper forms high-quality alloys with a variety of applications [2] [3] [4] . Especially Cu-Ni and Cu-Ni-based alloys are used for making parts in the electronics industry [5] [6] [7] [8] e.g. for alkaline batteries, gas engines and turbines 9 , optical mirrors 10, 11 , equipment for food, chemical and petrochemical industries, as well as for galvanic coating of steel objects. The most commonly used Ni-Cu alloy is Monel [12] [13] [14] , which is primarily composed of nickel (up to 67%) and copper, with small amounts of iron, manganese, carbon, and silicon.
On the other hand, it is well known that copper is a widely used material because of its high electrical and thermal conductivity. By adding a nickel to copper, it is possible to improve the mechanical properties and corrosion resistance of copper, while adding indium lowers its melting point. To the extent of our knowledge, up to now, ternary Cu-In-Ni alloys have not been investigated from the point of view of mechanical and electrical properties. Furthermore, it can be expected that some of these ternary alloys may be excellent candidates for some of the aforementioned applications.
The Cu-In-Ni ternary system has been previously experimentally and thermodynamically assessed by Minic et al. 15 . In their study, Minic et al. 15 reported the liquidus surface, three vertical sections and isothermal sections at 400 ºC and 500 ºC.
In the current study, microstructures, electrical and mechanical properties of selected alloy samples from the isothermal sections at 300 ºC of the Cu-In-Ni ternary system are presented. Additionally, chemical and phase compositions of the studied alloys determined by SEM-EDS and XRD analyses are presented as well. The applied research procedure is similar to that given in [16] [17] [18] and it is aimed at providing better insight into properties of alloys which should contribute to further expansion of their application possibilities.
Experimental Procedure
Nineteen ternary and three binary alloy samples (marked as a B1, B2, and B3) were prepared from copper, indium, and nickel (99.999 at. %) from Alfa Aesar (Germany) in an induction furnace under high-purity argon atmosphere. In general, the average loss of mass during melting of samples was about 2 mass pct. Then prepared alloy samples were placed in evacuated quartz tubes and sealed. Then alloy samples were annealed at 300 ºC for 4 weeks at high-temperature furnace (GSL1700X, Hefei Kejing Materials Technology Co., Ltd., Hefei, China) with estimated error of the temperature ±1 ºC. After annealing samples were quenched into a water and ice mixture in order to retain reached phase equilibrium. Annealed samples were divided into two part. One part of the sample is subjected to microstructural analysis, hardness and electroconductivity measurements. This part of the sample were prepared by the conventional metallographic procedure without etching. Prepared sample was oval and polished with parallel sides. Polished side of the sample were first subjected to EDS elemental mapping to check compositional homogeneity and possible segregation. Further, overall compositions and compositions of coexisting phases were determined using EDS point and area analysis. This test was carried out on TESCAN VEGA3 scanning electron microscope with energy dispersive spectroscopy (EDS) (Oxford Instruments X-act). Further same sample at the same polished part was subjected to the microhardness test. For this test was used Vickers microhardness tester Sinowon, model Vexus ZHV-1000V. After this test electrical conductivity measurements were carried out by using Foerster SIGMATEST 2.069 instrument. At last step on same samples, the hardness of the samples was determined by using a Brinell hardness tester INNOVATEST, model Nexus 3001.
The second part of the sample was grinded and examined by using X-ray diffraction. XRD patterns of the studied samples were recorded on a D2 PHASER powder diffractometer equipped with a dynamic scintillation detector and ceramic X-ray Cu tube (KFLCu-2K) in a 2θ range of 5 to 75 deg with a step size of 0.02 deg. The patterns were analyzed using Topas 4.2 software and ICDD databases PDF2(2013).
Results and Discussion
The isothermal section at 300 ºC of the Cu-In-Ni ternary system has been thermodynamically predicted using optimized thermodynamic parameters for the constitutive binary systems from literature [19] [20] [21] . The parameters for the binary Cu-In a system were taken from Liu et al. 19 , for the In-Ni system from Waldner and Ipser 20 , and for the Cu-Ni binary system from Mey 21 (supplementary information). Calculations were performed using PANDAT software 22 .
The list of phases from constitutive binary subsystems considered for thermodynamic binary-based prediction together with their corresponding Pearson symbols is given in Table 1 .
The calculated isothermal section of the Cu-In-Ni ternary system at 300 ºC is presented in Fig. 1 . The alloy samples selected for experimental investigation are also marked in Fig. 1 .
Compositions of the selected alloy samples lie along three vertical sections red squares Cu-In0.5Ni0.5, violet squares In-Cu0.8Ni0.2 and blue squares x(In) = 0.4 of the studied ternary system. The all selected samples marked in Fig. 1 were investigated using the same experimental techniques.
Out of all predicted regions from the isothermal section at 300 ºC, seven regions were selected and investigated. Six of the investigated regions are three-phase regions and the remaining one is a two-phase region.
In Table 2 are given the experimental results of EDS and XRD analyses.
According to the thermodynamic calculations, (see Fig. 1 ) samples from number 1 to 6 belong to the two-phase region (Cu)+ ε'(NiIn). The obtained experimental results of these six alloy samples confirm the existence of this two-phase region. In all cases, the solubility of copper in intermetallic phase ε'(NiIn) was found to be less than 1 at. % and thus it was negligible. Also in the case of the solid solution (Cu), the detected solubility of In was negligible. The other obtained results related to the identified phases were found to be the same as predicted so the existence of all predicted regions was confirmed. Moreover, the subsequent XRD analysis has also confirmed the presence of the same phases as were predicted by thermodynamic calculations and determined by EDS analysis. Figure 2 shows microstructures of the six alloy samples selected out of nineteen studied alloys. Sample 6 belongs to the two-phase region while the rest samples 8, 9, 10, 11 and 12 are from three-phase regions. The phases identified using the results of energy dispersive spectrometry (EDS) are marked on the presented microstructures.
In microstructure of sample 6, two phases are visible, solid solution (Cu) which is a dominant phase and binary intermetallic compound ε'(NiIn). Three phase region δ(Cu 7 In 3 )+(Cu)+ε'(NiIn) is visible at the microstructure of sample 8. The alloy samples 9 and 10 ( Fig.2c and Fig.2d ) also belong to three-phase regions. As can be seen from Fig. 2c the δ phase is the most dominant phase within the microstructure of sample 9 whereas Ni 2 In 3 intermetallic compound appears as light phase situated at its grain boundaries. The alloy sample 10 ( Fig.2d) seems to have more fine-grained microstructure compared to the rest of the studied alloy samples. In its microstructure (Fig.2d ) η' phase can be observed as a small, black and round phase evenly distributed throughout the microstructure of the alloy. The samples 11 and 12 belong to the three-phase region in which liquid phase L is present (L+Ni 3 In 7 +Cu 11 In 9 ). It can Figure 1 . Predicted isothermal section of the ternary Cu-In-Ni system at 300 ºC with marked compositions of the studied samples be observed in Fig.2e and Fig.2f as the dark phase trapped between intermetallic compounds. The intermetallic compound Cu 11 In 9 appears as the darkest phase in the microstructures of the alloy samples 11 and 12 while the Ni 3 In 7 intermetallic compound is the most abundant phase. Lattice parameters of the detected phases were compared with lattice parameters from literature [23] [24] [25] [26] [27] [28] [29] [30] . Two XRD patterns with identified phases, one for the sample 1 and the other for the sample 15 are shown in Figure 3 , as an illustration.
From Table 2 it can be seen that the experimentally determined values of lattice parameters for a solid solution (Cu) slightly vary for different alloy samples between 3.5885(1) Å and 3. 6023(7) Å. This discrepancy can be explained by taking into account high solubility of nickel in solid solution (Cu) e.g. determined value of a lattice parameter for (Cu) phase in sample 15 is shifted towards the lower value and considering that lattice parameter for (Ni) phase are a=b=c=3.499 Å 31 it can be assumed that the obtained results may be related to the solubility of nickel.
The hardness of the alloys of the Cu-In-Ni ternary system was determined using Brinell method. Measured values of the Brinell hardness of the studied alloy samples are given in Table 3 along with experimentally obtained values of the hardness of three binary alloys (B1, B2, and B3) and literature values for pure elements 32 . Figure 4 shows a graphical representation of the obtained experimental results given in Table 3 .
The experimentally obtained results clearly point out that Cu rich ternary alloys have a higher value of hardness. The ternary alloy Cu 80 In 10 Ni 10 consists of the two-phase solid solution (Cu) and intermetallic compound ε'(NiIn). Since the solid solution (Cu) is in majority and hardest phase in this system it is expected that this will influence on hardness which is experimentally determined and results that alloys rich with (Cu) phase have the highest hardness. 9.1354(1)/9.134 [29] 10.0737(7)/10.074 [29] 5.2928 (9) [26] 9.1323(8)/9.134 [29] 10.0757(7)/10.074 [29] 5.2944 (6) Ref. [32] Ni 700 785 2466  22 46841  700  1559 52  5194 47  378 728  13997 19  1711 89  6113 256 5129 75
By using collected experimental results and an appropriate mathematical model it was possible to calculate values of hardness over the whole compositional range.
The mathematical model of Brinell hardness dependence on alloy composition was defined using Design-Expert v.9.0.3.1. software package 33 . Based on the preliminary statistical analysis, a Cubic Mixture Model was selected out of possible canonical or Scheffe models [34] [35] [36] that meet the requirements of adequacy:
Adequacy of the selected model was confirmed by the Analysis of variance (ANOVA). The F-value of the model was found to be 109.94 which implies that the model is significant. In addition, there is only a 0.01% chance that a "Model F-Value" this large could occur due to noise. The final equation of the predictive model in terms of actual components is: (2) Presented predicted model is just related to the hardness of alloys from the ternary Cu-In-Ni system at 300 °C which is dependent just on the composition.
The resulting iso-lines contour plot for Brinell hardness of alloys defined by Equation 2 is shown in Figure 5 .
The succeeding electrical conductivity measurements were carried out on the same alloy samples. The experimentally determined values of electrical conductivity for the selected ternary and three binary alloys (B1, B2, and B3) are presented together with literature values for pure elements 37 in Table 4 . Ref. [37] Cu 59 Ref. [37] In 12 Ref. [37] Ni 14 
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Graphical presentation of the correlation between electrical conductivity and mole fraction of components for the all investigated samples is shown in Figure 6 .
The presented experimental results (Table 4 and Fig. 6 Calculation of electrical conductivity of the alloys from the Cu-In-Ni ternary system was carried out in the same manner as the aforementioned Brinell hardness calculation.
In this case, also the model summary statistics suggested the Cubic Mixture Model. The F-value of the Model determined using analysis of variance (ANOVA) was found to be 49.82 which implies that the model is significant. The final equation of the predictive model in terms of actual components is:
The presented model is related to the ternary alloys at 300 °C depending on composition. A contour plot is shown in Figure 7 displays iso-lines of electrical conductivity defined by equation 3.
The calculated iso-line plot of electrical conductivity shows an increase in values of conductivity towards Cu rich corner while the experimental results show that ternary Cu 80 In 10 Ni 10 alloy with two-phase microstructure (Cu)+ε'(NiIn) possesses the highest electrical conductivity and hardness of all investigated samples. The constructed iso-lines plot (Figure 7 ) of electrical conductivity for all alloys in ternary Cu-In-Ni clearly shows, as somewhat expected, that all Cu-rich alloys have better electrical conductivity than In or Ni-rich alloys.
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Conclusion
The isothermal section at 300 ºC of a Cu-In-Ni ternary system was investigated using SEM-EDS and XRD analyses. In addition, electrical and mechanical properties of the selected ternary alloys were studied. All experiments were performed on the same alloy samples, which lie along three vertical sections Cu-In 0.5 Ni 0.5 , In-Cu 0.8 Ni 0.2 , and x(In) = 0.4 of the studied ternary system.
Experimentally investigated microstructures and determined phase compositions of the studied alloy samples equilibrated at 300 ºC show close agreement with the results of thermodynamic calculation of isothermal section at 300 ºC.
Lattice parameters of the identified phases were determined using XRD analysis and compared with literature data. Determined lattice parameters for all phases are in agreement with literature data and it is determined that lattice parameter of solid solution (Cu) decrease with increasing a solubility of Ni. Since the literature lattice parameters of solid solution (Cu) are a=b=c=3.625 Å and for (Ni) are a=b=c=3.499 Å it is concludable that lattice parameter of (Cu) solid solution will decrease with increasing the solubility of Ni. Sample 15 has the largest solubility of Ni and lattice parameters for this phase results with the lowest lattice parameters 3.5885(1) Å.
Gathered experimental results of electrical conductivity and Brinell hardness of the selected ternary alloys were used as the basis for calculation of values of electrical conductivity and hardness for an entire compositional range of ternary alloys from the Cu-In-Ni system which are presented in a form of iso-line plots.
